• → ρ In computing the weak annihilation amplitude which is power-supressed inB • → ρ • γ but is the leading contribution inB • s → ρ • γ, we find that, in its present form, the AdS/QCD DA avoids the end-point divergences encountered with the SR DA .
review of radiative B decays, we refer to [1] .
The theory of exclusive decays is complicated by their sensitivity to non-perturbative physics. The standard [40] theoretical framework is QCD factorization (QCDF) [2, 3] which states that, to leading power accuracy in the heavy quark limit, the decay amplitude factorizes into perturbatively computable kernels and non-perturbative objects namely the B → V [4] [5] [6] . The numerical values of the transition form factor and the tensor coupling of the vector meson are obtained from light-cone Sum Rules or lattice QCD. The predictive power of QCDF is limited by the uncertainties associated with these non-perturbative quantities and also by power corrections to the leading amplitude [7] . The computation of the power corrections is often problematic due to the appearance of end-point divergences in convolution integrals that contribute to the decay amplitude [7, 8] .
Our goal in this paper is to use new holographic AdS/QCD DAs for the ρ meson to compute the branching ratios for two exclusive radiative decays, namelyB
• γ, beyond leading power accuracy. We derive the AdS/QCD DAs using a holographic AdS/QCD light-front wavefunction for the ρ meson [9] which was recently shown to generate predictions for the cross-sections in diffractive ρ meson production that are in agreement with the data collected at the HERA electron-proton collider [10] . Reference [10] also shows that the second moment of the AdS/QCD twist-2 DA of the longitudinally polarised ρ meson is in agreement with both Sum Rules and lattice predictions. Here we shall extend the comparison between AdS/QCD and Sum Rules for the twist-2 and twist-3 DAs of the transversely polarized ρ meson since both of these non-perturbative quantities are required to compute the decay amplitudes forB
Theoretical predictions for the branching ratio ofB • → ρ • γ, using the leading twist-2 SR DA for the ρ meson, can be found in references [2, 11] . In both references, the leading power correction (O(Λ QCD /m b )) due to annihilation is taken into account within QCDF and the
2 ) annihilation contributions are neglected. On the other hand, in reference [11] , two other classes of power corrections due to long-distance photon emission and soft gluon emission are also taken into account. Here we shall investigate the numerical importance of three additional subleading annihilation contributions toB
which turn out to be sensitive to the higher twist-3 DA of the ρ meson. In fact, the rare decayB • s → ρ • γ proceeds mainly via these four annihilation processes and a theoretical prediction for its branching ratio using the SR twist-3 DA is available in reference [12] .
However this prediction suffers from a large uncertainty because of end-point divergences encountered when computing those annihilation contributions sensitive to the twist-3 DA for the ρ meson. We shall update this prediction using the twist-3 AdS/QCD DA which, as we shall see, avoids the end-point divergence problem.
On the experimental side, the branching ratio forB • → ρ • γ has been measured with increasing precision by the BaBar and Belle collaborations [13] . On the other hand, the rare decayB • s → ρ • γ has not been measured experimentally but it is an interesting process to investigate at LHCb because of its sensitivity to NP especially those which allow FCNC at tree level [12] .
We start by an outline of the computation of the amplitudes for both decays following references [2, 12] , devoting attention to the quantities which are dependent on the DAs of the ρ meson.
DECAY AMPLITUDES
The effective weak Hamiltonian for the underlying b → dγ transition is given by
where
are the current-current operators, Q i=3..6 are the QCD penguin operators and Q 7 and Q 8 are the electromagnetic and chromomagnetic operators. The coeffecients C i are the perturbatively known Wilson coeffecients and V ij are the CKM matrix elements. In this paper, we shall use the NLO Wilson coeffecients given in [11, 14] [41] and we use the numerical values of CKM matrix elements given in reference [15] .
We start with the amplitude for the decayB
• → ρ • γ. At leading power accuracy in the heavy quark limit and to all orders in the strong coupling α s , the matrix elements of these operators factorize as [2] :
i.e. into perturbatively computable hard-scattering kernels T I i and T
II i
and three nonperturbative quantities namely the transition form factor F B→ρ , the leading twist DA of the B meson, Φ B (ζ), and the twist-2 DA of ρ meson, φ ⊥ ρ (z). In equation (2), P and e T are the 4-momentum and polarization vector of the ρ meson while q and are the 4-momentum and polarization vector of the photon. The form factor F B→ρ is obtained from light-cone QCD Sum Rules [11] . The second term in equation (2) 
At zeroth order in α s , the leading power amplitude is given by
where Q 7 is the matrix element of the operator Q 7 , i.e.
where e = √ 4πα em and m b (µ) is the running mass of the b quark evaluated at the hard scale
At order α s , the leading power amplitude becomes[2]
with
In equation (6) , the strong coupling is evaluated at two different scales: µ = m b and a hadronic scale µ h = Λ QCD µ. 
where f B is the decay constant of the B meson which is obtained from lattice QCD [16, 17] .
is a convolution of the twist-2 DA with a hard scattering kernel, i.e.
where the hard scattering kernel is given by
with L 2 being the dilogarithmic function andz = 1 − z. The function H 8 (µ) is given by
where I tw2 2 (µ) is the first inverse moment of the twist-2 DA, i.e.
We note that if m b m p , then
so that both H 1 and H 8 become simply proportional to the first inverse moment of the twist-2 DA of the ρ meson. In practice, this approximation is not justified for a charm loop,
i.e. when p = c and we do not make it here. In what follows, we shall take m u,d = 0.14 GeV 
This leading contribution can be taken into account by adding an extra term to the coeffecient a u 7 in the leading power amplitude given by equation (5):
where b d is given by equation (14) . The leading annihilation contribution corresponds to the annihilation diagram in which the photon is radiated off the spectator quark of the B meson,
i.e. the third diagram in figure 1 . Here we wish to investigate the numerical importance of the three other subleading annihilation contributions shown in figure 1 . In fact, the four annihilation diagrams of figure 1 are the dominant contributions to the decayB
. The total annihilation amplitude is given by [12] 
where to zeroth order in α s ,
and
while
In the above equations, C 12 and C 34 are the combinations of the Wilson coefficients [42] [12]:
and E γ(s) is the energy of the photon in the B (s) meson rest frame, i.e. (2) and (4) are power-suppressed compared to the diagram (3). The contributions (1) and (2) are sensitive to the twist-3 DA of the ρ meson.
The quantity λ Bs is analogous to λ B , i.e. it parametrizes the first inverse moment of thē (13) which is the leading annihilation contribution given in reference [2] .
The total decay amplitude forB
are given by equation (5) and (16) respectively. On the other hand, the total decay amplitude forB
where A Annihilation s is given by equation (16) .
In order to compute the decay amplitudes given by equations (25) and (26), we must specify the twist-2 DA φ ⊥ ρ in equations (8) and (11) as well as the twist-3 DA g ⊥(v) ρ appearing in equations (18) and (19) . We also need to specify the numerical value of the tensor coupling f ⊥ ρ which appears in equations (7) and (10) . We shall do this in the next section using a holographic AdS/QCD light-front wavefunction for the ρ meson. The numerical values of the decay constants f B (s) , the parameters λ (s) and the form factor [11, [16] [17] [18] [19] . We shall take the central values of these parameters to compute our predictions for the branching ratios. 
HOLOGRAPHIC ADS/QCD DAS AND COUPLINGS OF THE
for the vector, tensor and axial-vector current respectively. The polarization vectors e λ are chosen as
where P + is the "plus" component of the 4-momentum of the meson given by
All four DAs satisfy the normalization condition 
The vector coupling f ρ is accessible experimentally via the leptonic decay width of the ρ
where Γ e + e − = 7.04 ± 0.06 keV [15] . On the other hand, the tensor coupling f ⊥ ρ is not measured experimentally but is predicted theoretically by QCD Sum Rules and lattice QCD.
It follows from equations (27) , (28) and (29) that the twist-2 DAs are given by
while the twist-3 DAs are given by
To relate the DAs to the light-front wavefunctions of the ρ meson, we use the relation
[20]
where we have identified the renormalization scale µ as a cut-off on the transverse momentum of the quark [20] and φ λ (z, k) is the meson light-front wavefunction in momentum space.
A two-dimensional Fourier transform of φ λ (z, k) gives the light-front wavefunction, φ λ (z, r), in configuration space. The light-front wavefunctions can be modelled [21] [22] [23] or extracted from data [20] . Here we use the AdS/QCD holographic wavefunction predicted in [24, 25] and which can be written as [26] 
where ζ = z(1 − z)r is the transverse distance between the quark and antiquark at equal light-front time [43] and is the variable that maps onto the fifth dimension of AdS space [9, 27, 28] . The AdS/QCD wavefunction given by equation (41) is obtained using the soft-wall model [29] to simulate confinement and in that case the parameter
where M ρ is the mass of the ρ meson. This AdS/QCD wavefunction has recently been used within the dipole model to generate parameter-free[44] predictions for diffractive ρ meson electroproduction that are in agreement with the HERA data [10] . As discussed in reference [10] , the normalization N λ of the AdS/QCD wavefunction is allowed to depend on the polarisation of the meson λ = L, T .
Going back to equation (40) , the spinor wavefunctions S
while Γ stands for γ + , [e * T (±) .γ, γ + ], e * T (±) .γ or e * T (±) .γγ 5 . The matrix element in curly brackets of equation (40) can then be evaluated explicitly for each case using the light-front spinors of reference [30] :vh
We are then able to deduce that
and dg
Equations (48) and (50) were derived in reference [20] where the light-front wavefunctions φ λ (r, z) were extracted from data. Equations (49) and (51) are new results which show how the twist-2 and twist-3 DAs of the transversely polarised ρ meson are related to its light-front wavefunction.
We are also able to express the vector and tensor couplings f ρ and f ⊥ ρ in terms of the light-front wavefunctions. From the definitions (33) and (34) , it follows that
After expanding the left-hand-sides of equations (52) and (53), we obtain the decay width constraint [22] 
respectively. Note that equations (54) and (55) can also be obtained by inserting equations (48) and (49) into the normalization conditions on the twist-2 DAs, i.e. into respectively.
COMPARISON TO DAS AND COUPLINGS FROM SUM RULES
Inserting equation (41) in equations (54) and (55), we can compute the AdS/QCD predictions for the vector and tensor couplings of the ρ meson. We compare our predictions to experiment, Sum Rules and the lattice in table II. As can be seen, there is reasonable agreement between the AdS/QCD prediction for the vector coupling f ρ and experiment.
We note that our prediction for f ⊥ ρ (µ) hardly depends on µ for µ ≥ 1 GeV. Viewed as a prediction at some low scale µ ∼ 1 GeV, the agreement with Sum Rules and the lattice is reasonable. We note that the AdS/QCD prediction for the ratio of couplings is sensitive to the quark mass. For instance, using a current quark mass would yield a ratio far lower than the Sum Rules and lattice predictions. We therefore use here a constituent quark mass of 0.14 GeV which is also the value used in [31] [32] [33] .
Couplings of the ρ meson Sum Rules predictions, lattice predictions and experiment. We use m f = 0.14 GeV to make these predictions.
The twist-2 DAs can be expanded as [4, 5] 
where C 3/2 j (ξ) are the Gegenbauer polynomials and ξ = 2z − 1. Standard Sum Rules predictions are usually available only for a ,⊥ 2 . The twist-2 DAs are thus approximated as
i.e. by keeping only the first term in equation (58). We use here the Sum Rules estimates given in reference [36] : a 2 = 0.10 ± 0.05 and a ⊥ 2 = 0.11 ± 0.05 . Reference [36] also gives explicit expressions for the twist-3 DAs:
The Sum Rules estimates are ζ 3 (2 GeV) = 0.020 ± 0.009, ω 3 (2 GeV) = 0.09 ± 0.03 and ω 3 (2 GeV) = −0.04 ± 0.02 [36] .
In figure 2 , we compare the AdS/QCD twist-2 DAs to the SR twist-2 DAs at a scale µ = 2 GeV. We note that, as is the case for the AdS/QCD tensor coupling, the AdS/QCD DAs hardly depend on µ for µ ≥ 1 GeV and they should be viewed as parametrizations of the DAs at some low scale µ ∼ 1 GeV. As can be seen and as was already noted in reference [10] , the agreement between the AdS/QCD and Sum Rules twist-2 DA for the longitudinally polarized meson is good. On the other hand, we note different shapes for the AdS/QCD and Sum Rules predictions for the twist-2 DA of the transversely polarized meson. In particular, we find that the AdS/QCD DA has pronounced humps near the end-points and that when it starts decreasing, it does so faster than the SR DA.
In figure 3 , we compare AdS/QCD twist-3 DAs to the SR twist-3 DAs at a scale µ = 2
GeV. The agreement between AdS/QCD and SR is quite good for both the axial vector DA but we note a difference between SR and AdS/QCD vector DA at the end-points: the AdS/QCD, unlike the SR DA, falls to zero at the end-points. Sum Rules DA at µ = 2 GeV.
BRANCHING RATIOS
We are now in a position to compute the branching ratios given by (8) and (11) given by equations (8) and (11) respectively. The SR predictions are at a scale µ = 2 GeV and the AdS/QCD prediction are at a scale µ ∼ 1 GeV.
We next compare the Sum Rules and the AdS/QCD predictions for the integrals I 2 given by equations (18) and (19) respectively. The SR predictions are at a scale µ = 2 GeV and the AdS/QCD prediction are at a scale µ ∼ 1 GeV.
It is instructive to investigate the influence of perturbative QCD scale evolution on the infrared divergence encountered with the SR DA. As shown in figure 4 , we evolve the SR DA from µ = 1 GeV to µ = 2, 3 and 5 GeV to leading logarithmic accuracy using the evolution in [6] . We also show the asymptotic DA, i.e. the SR DA at µ → ∞. As can be seen, the SR DAs do not vanish at the end-points and we find that the divergence problem persists at scales other than 2 GeV. Also shown in figure 4 is the AdS/QCD DA which, unlike the SR DA, vanishes at the end-points and avoids the end-point divergences. On the other hand, the AdS/QCD DA lacks the perturbative evolution with the scale µ and must be viewed to be a parametrization of the DA at some low scale µ ∼ 1 GeV. This is a shortcoming of the AdS/QCD DA compared to the SR DA. However, we expect the AdS/QCD DA to be a reasonable parametrization of the DA at the scale µ = 2 GeV relevant to the decays we compute here although we cannot make a strong case that it will still avoid the end-point divergences if its perturbative QCD evolution with the scale µ is taken into account.
Our predictions for the branching ratio ofB table V. In this table, we show how the predictions vary with the degree of accuracy of the calculation. The predicted branching ratio computed using the leading power amplitude at zeroth order in α s (i.e. equation (3)) is clearly lower than the measured value. At this level of accuracy, the amplitude does not depend on the DAs. The leading power amplitude becomes sensitive to the twist-2 DA at first order in α s and at this level of accuracy, we find that the AdS/QCD and SR predictions agree with each other and with experiment. We confirm that all four power-suppressed annihilation contributions inB • → ρ • γ are numerically small. Neverthe-less, the AdS/QCD DA allows us to compute the annihilation contributions beyond leading power accuracy without the ambiguity due to end-point divergences encountered with the SR DA. At the same time, the AdS/QCD DA allows us to provide a more reliable theoretical estimate for the branching ratio of the decayB
• s → ρ • γ which proceeds mainly via annihilation and cannot be reliably predicted using the SR DA due to end-point divergences [12] .
Using the AdS/QCD DAs, we predict a branching ratio of 5.5 × 10 −10 for this decay. This rare decay can be enhanced by NP [12] and it would be interesting to investigate it at the LHCb.
Branching ratio (×10 
CONCLUSIONS
We have used new holographic AdS/QCD DAs for the transversely polarised ρ meson in order to compute the branching ratios for the decaysB • → ρ • γ and B s → ρ • γ beyond leading power accuracy. The AdS/QCD prediction for the branching ratio ofB
agrees with experiment and we provide a theoretical estimate for the branching ratio of the rare decayB
• s → ρ • γ. We find that the AdS/QCD DAs are complementary to the standard SR DAs: they agree with the SR predictions to leading power accuracy and avoid the end-point divergence ambiguity when computing some power corrections. However, in its present form, the AdS/QCD DA lacks the perturbative QCD evolution and it remains to be seen if our conclusion remains valid if this evolution is taken into account.
